A custom-built apparatus for performing rotating disk electrode voltammetry (RDE) using vapor-deposited, epitaxial, thin film samples as rotating electrodes is described. This method allows for quantitative electrochemical characterization using thin film samples, including those deposited on insulating substrates, and allows for very facile exchange of samples. Cyclic voltammetry and RDE voltammetry of iron ferricyanide in aqueous media were explored to examine if the system causes unusual deviations from ideal hydrodynamic voltammetric behavior. The set-up was also used to examine the ORR activity of a platinum thin film as a model system for a higher-current reaction, relevant to fuel-cell research. Both studies indicated that the set-up did not cause any deviations from anticipated RDE behavior, demonstrating that this is a viable method for performing rotating disk electrode voltammetry of vapor-deposited thin films, with emphasis on those relevant to fuel cell research. The set-up was used to investigate/test the ORR and OER activity of a series of A 2 B 2 O 7 pyrochlore samples. Fuel cells, with a potential for higher energy efficiency, represent a promising alternative technology to internal combustion engines. However, there are many issues that remain to be addressed including the cost of catalysts in order to make the technology more viable and affordable. In today's polymer electrolyte membrane fuel cells (PEMFCs), platinum and/or platinum-based catalysts are used as the catalyst in both the cathode and the anode, which accounts for a significant portion of the cost of fuel cell stacks.
Fuel cells, with a potential for higher energy efficiency, represent a promising alternative technology to internal combustion engines. However, there are many issues that remain to be addressed including the cost of catalysts in order to make the technology more viable and affordable. In today's polymer electrolyte membrane fuel cells (PEMFCs), platinum and/or platinum-based catalysts are used as the catalyst in both the cathode and the anode, which accounts for a significant portion of the cost of fuel cell stacks. 1 A potential alternative in this context is the use of an alkaline electrolyte system. One of the main barriers for the wide-spread deployment of alkaline fuel cells has been the development of high performance anion-exchange membranes, 2 though in recent years, several reports of viable (anionic) hydroxideconducting membranes, [3] [4] [5] [6] that can be used as an alkaline exchange membrane in fuel cell applications, have been reported. This makes the discovery of less expensive alternatives to platinum more important and relevant, especially given that the oxygen reduction reaction (ORR) on platinum still requires at least 300 mV of overpotential to generate the high current densities required in numerous applications; especially automotive. A major potential benefit of an alkaline fuel cell system is that many non-noble metals, and even non-metals, [7] [8] [9] are viable candidates as electrocatalysts for the ORR. In particular, oxides are a class of compounds that may be of great interest because many of them are durable (they are already at least partially oxidized) and can be electronically conductive. Manganese and cobalt oxides, 10, 11 ruthenium oxide, 12 perovskites 13, 14 and some pyrochlore ruthenates 15, 16 have been reported as potentially useful ORR catalysts in the past, but in our opinion a systematic study would surely advance the field.
Vapor deposition methods, such as sputtering, are useful tools for depositing thin layers of highly controlled materials useful for numerous applications. In particular, molecular beam epitaxy (MBE) is a deposition method that can produce well defined single crystal surfaces with high structural perfection. These properties make MBE a very useful and attractive technique to fabricate semiconductor devices, 17, 18 superconductors, 19 ferromagnets, 20 and other technologically relevant materials. These properties, in principle, are also useful for investigating the electrocatalytic properties of many crystalline compounds, as electrocatalysis is highly sensitive to surface structure and composition.
A main challenge, however, lies in the electrochemical characterization of thin film samples prepared by vapor deposition methods, such as MBE. There have been reports of electrochemical experiments using elaborate custom-made setups, 21 or several simple cyclic * Electrochemical Society Member. z E-mail: hda1@cornell.edu voltammetry experiments using conductive substrates [22] [23] [24] or custommade cells. [25] [26] [27] [28] These are complicated systems and generally are not applicable to a significant fraction of thin film samples made using vapor deposition methods, in no small part because many of the most commonly used substrates (silicon, sapphire, etc.) are poor electrical conductors. As such, a facile yet versatile and reproducible way of making a good electrical connection from a deposited sample to the rest of the circuit would be highly beneficial.
In addition, the ORR in particular, is not easy to characterize by cyclic voltammetry, because the concentration profile of oxygen in stagnant solutions is often ill-defined. The ORR also has a twoelectron pathway (producing hydrogen peroxide) and a four-electron pathway (producing water), and the two can take place concurrently, further complicating matters. We have previously published a methodology to characterize fuel oxidation reactions on combinatorially sputtered thin films using a scanning-probe differential electrochemical mass spectrometer (DEMS) system that can detect and quantify volatile products, 29 and other research groups have done similar experiments since. 30 However, the products of the ORR, hydrogen peroxide and/or water (deprotonated in alkaline solution), are not detectable using DEMS.
Rotating disk electrode voltammetry (RDE) is a well-established hydrodynamic-transport based voltammetric method that can address these issues by having a well-defined and controlled mass transport. Its use enables the deconvolution of mass transport effects from kinetic effects, a difficult task to do with cyclic voltammetry. By applying the Levich and the Koutecky-Levich equations, parameters such as the number of electrons transferred (electron count), kinetics of electron transfer, and mechanism of electrochemical reactions can be extracted or inferred. There have been a few published RDE voltammetric studies on thin film electrodes, [31] [32] [33] but those studies were performed using custom-made substrates that limit the applicable methods of deposition.
Herein, we describe a facile method to turn thin film oxide/substrates into rotating disk electrodes that behave just like a commercial RDE electrode. The setup allows for facile and reproducible assembly and disassembly without damaging the films. We employed sputtered gold and platinum films as model systems to demonstrate that the method is viable.
Methods/Description of the Instrument
Instrumentation.-In order to have a well-characterized electrode as a standard, we used a custom-built magnetron sputtering system at the Cornell Center for Materials Research. We deposited approximately 50 nm of gold on top of an approximately 15 nm thick titanium adhesion layer on a microscope glass slide (VWR) that was cut into 10 mm × 10 mm pieces. All films were front-contacted by applying a thin layer of a conductive silver paste (Ted Pella) and/or conductive carbon paint (SPI supplies) from the edge of the film to the back of the substrate. Figure 1 is a simplified diagram of the electrode system. A 1 inch diameter Teflon rod was machined to fit a 10 mm × 10 mm electrode. In the center, a 5 mm diameter hole was drilled to expose the sample to the solution d . A recess was made to place an O-ring (0.25 in), in order to prevent liquid leakage into the sample holder. After placing the back-contacted sample inside, the Teflon holder was packed with carbon felt (Alfa Aesar) and capped with a custom-made, stainlesssteel current collector (that could be connected to a Pine rotator) by screwing the stainless steel piece to the Teflon piece using small stainless-steel hex screws. This process was carried using a vice to ensure that the carbon felt was well-packed in order to ensure good electrical conductivity.
A custom-made three-compartment cell ( Figure S1 ) was used for the RDE electrochemical experiments. The main chamber was 2 inches wide, and had an inner glass basket to prevent cavitation (whirlpool). The three compartments were connected at the bottom with medium porosity glass frits, and at the top with simple glass tubing (to equalize the pressure in the three compartments). A graphite rod (Sigma Aldrich) was used as the counter electrode and a homemade saturated silver/silver chloride electrode (Ag/AgCl) was used as the reference electrode. No platinum (or any noble metal) was used in the cell to ensure that there was no contamination from trace Pt from pervious experiments 30 (after testing the sputtered Pt and Au films, the cell was soaked in aqua regia for several hours to remove any residual/trace noble metals).
EIS.-Electrochemical impedance spectroscopy (EIS) was performed using a Solartron 1280B potentiostat, with either 0.1 M KCl (Macron) or 0.1 M NaOH (Malinckrodt AR) as the electrolyte. A graphite rod was used as the counter electrode, and a home-made saturated Ag/AgCl electrode was used as the reference electrode (when necessary). A 5 mV (peak-to-peak) AC signal was applied, over the frequency range between 1 and 20,000 Hz. d We are using/reporting measurements combining both metric and United States customary system (USCS) units so as to make it easier to reproduce the cell.
CV and RDE.-Cyclic voltammetry (CV) and rotating disk electrode voltammetry (RDE) were performed in 0.1 M KCl or 0.1 M NaOH at room temperature. The CV was performed at a scan rate of 20 mV/s (unless otherwise noted), using a Bioanalytical Systems CV-27. K 3 [Fe(CN) 6 ] (Sigma, ACS reagent) was used as received. The oxygen reduction reaction was studied at room temperature using rotating disk electrode (RDE) voltammetry at a scan rate of 20 mV/s. The solution was saturated with O 2 (Airgas, UHP) by initially bubbling the solution for 15 minutes and 7 minutes after measurements at each rotation rate, in order to keep the solution saturated with oxygen for each recorded scan. During the measurement, the bubbling was stopped to prevent noise in the current induced by bubbles.
Some CV data were averaged using the Savitzky-Golay method (9 points) to remove periodic noise.
Deposition method of Au.-An Au thin film was deposited using the CCMR sputtering chamber discussed in above.
MBE deposition method.-Complex oxide films were grown using a Veeco GEN 10 dual-oxide MBE chamber. Briefly, commercially available (111) yttrium-stabilized zirconia (YSZ) was used as the substrate for all but one sample. A non-commercial Sm 2 Ti 2 O 7 (111) substrate was used as the substrate for one sample to achieve isostructural growth (pyrochlore-on-pyrochlore epitaxy). 34 Prior to growth, the YSZ substrates were heated at 1300
• C for 3 h in air to obtain an atomically flat surface. The Sm 2 Ti 2 O 7 (111) substrate was chemomechanically polished by a commercial vendor (CrysTec GmbH) to obtain an atomically flat surface. For the metals on the A-site of the pyrochlore A 2 B 2 O 7-x (A = main group metal; Bi or Pb in this work), an over-pressure supply flux (1.0 × 10 14 atoms/cm 2 × sec) was used during growth, which was approximately 10 to 15 times greater than the flux for the B-site metal (transition metal; Ru or Ir in this work) (0.3 × 10 13 atoms/cm 2 × sec). All components were co-supplied simultaneously during the growth. Distilled ozone (1.0 × 10 −6 Torr) was used as the oxidant. The growth temperature was maintained at 500-600
• C and monitored with an optical pyrometer. To determine the optimal single-growth window, where the excess Bi or Pb desorbs (adsorption-controlled growth conditions), in-situ reflection high-energy electron diffraction (RHEED) was used. Thin film crystalline quality was checked by four-circle X-ray diffraction with a two bounce Ge (220) monochromator (Rigaku, Smartlab), and high-resolution rocking curves were measured by adding a two bounce Ge (220) crystal analyzer on the receiving side (triple axis geometry). Film thickness (i.e. growth rate) was limited by the Sn-flux supply, which was consistent with the QCM measurement within ±10% error. The spacing of the XRD thickness fringes (Kiessig fringes) of the main 222 Bragg peak confirmed the film thickness. Rutherford backscattering spectroscopy (RBS) confirmed the film stoichiometry to within ±3%. Cross-sectional high-angle annular dark field (HAADF) scanning transmission electron microscopy (STEM) (FEI Technai F-20 TEM/STEM in STEM mode with a beam voltage of 200 keV) revealed the interface structure. The surface morphology was characterized by atomic force microscopy (AFM). For XRD, RBS, STEM, and AFM data, refer to future published literature by Paik and Schlom.
Operations/Results and Discussion
EIS.-Our setup has a somewhat unconventional method for making electrical connection from the electrode to the current collector. To investigate the validity of this method, reduction (and oxidation) of K 3 [Fe(CN) 6 ] (0.81 mM) in 0.1 M KCl, a well-studied electrochemical reaction, was investigated on a sputtered gold film (approx. 50 nm thick) electrode, and the results were compared to those of a bulk Au electrode (dia = 5 mm). Figure 2 shows the Nyquist plots of the Au thin film and bulk Au electrodes in 0.1 M KCl (with no redox-active species in solution). The total linear resistance (first x-intercept, i.e. impedance at which there is no capacitive contribution) was approximately 190 ohms for the thin film, whereas it is approximately 90 ohms for the bulk gold electrode. EIS was performed with the reference electrode being placed directly adjacent to the working electrode in order to determine if the rather long distance between the compartment introduced an additional resistance (ohmic drop), but it did not (see Figure 3) . It is clear that the distance between the reference and the working electrode in this set-up did not introduce a significant/additional ohmic drop. 6 ].-The cyclic voltammetric profiles in 0.1 M KCl did not show an evidence of significant iR-drops (Figure 4a) . In fact, the surface gold oxidation and reduction peaks were more visible on the CV profile of the Au thin film electrode (Figure 4b) . Noisy regions of the CV of the thin Au film around 0 V vs. Ag/AgCl in the negative-going sweep (Figure 4b ) could be due to the local pH change induced by the surface oxide reduction, since the electrolyte was not buffered. This, however, is not a major concern for the remaining experiments, as the potential range used for the study of K 3 [Fe(CN) 6 ] did not include this region (Red CV profiles in Figure  4) . The difference in series resistance, however, was somewhat noticeable in the cyclic voltammograms (CV) of K 3 [Fe(CN) 6 ] in 0.1 M KCl ( Figure 5 ) on sputtered gold films, performed at various scan rates. The peak-to-peak separation between the oxidation and the reduction of ferricyanide increased with increasing scan rate when the thin film Au was used as the electrode, indicating some resistance issues. On the other hand, there is only a minimal increase in the peak-to-peak separation as a function of the scan rate on the CV of the same reaction using the bulk gold electrode. Still, carrying out experiments at relatively slow scan rates (as would be the case for RDE voltammetry) would eliminate any concerns.
CV and RDE of K 3 [Fe(CN)
An ideal rotating disk electrode has a flat surface with an axis rotation, so as to establish laminar flow. As evident in Figure 1 , the holder described in this paper has two geometric irregularities; the electrode is recessed by the thickness of the O-ring (approx. 2 mm), and the Teflon surface slants downward toward the electrode. To investigate the effect of such irregularities, the reduction of K 3 [Fe(CN) 6 ] (0.81 mM) in 0.1 M KCl was investigated using the standard/conventional RDE technique at a scan rate of 20 mV/s. Figure 6 shows the results of the experiment. The kinetic regions (including the onset potential) of the two RDE voltammograms look nearly identical, aside from the systematic offset in current introduced by the slight difference in the double layer current. Applying the Levich equation i L = 0.620 nFAD (Figure 6d ), the diffusion coefficient (D) was determined to be 7.6 × 10 −6 ± 0.7 cm 2 /s, which is very close to the reported value in the literature (7.6 × 10 −6 cm 2 /s 36 ). As a comparison, the identical experiment was performed in the same solution using a bulk Au electrode ( Figure  6a ). Using the same assumptions, the diffusion coefficient was determined to be 7.5 × 10 −6 cm 2 /s. It should be noted that for the Levich plot of thin film RDE, the intercept of the best-fit line is below zero, when in theory, it should be zero (or often times positive). While it is difficult to unambiguously ascribe the cause for such a phenomenon, the slope is still linear with a very high coefficient of determination (r 2 ), which is sufficient for extracting parameters like the diffusion coefficient and the number of electrons transferred. Therefore, we do not believe this to be a significant problem.
ORR on Pt thin film.-One of the greatest benefits of RDE voltammetry is the ability to quantify electrochemical redox processes. RDE voltammetry of the ORR was carried out in 0.1 M NaOH using a sputtered Pt electrode (see Figure 7a) . The voltammetric profiles are in line with reported ORR voltammograms of bulk Pt. The Levich plot (Figure 7b) , derived from current densities at -0.6 V vs. Ag/AgCl yielded an excellent best-fit line (r 2 = 0.9999) and n = 3.97 electrons from the Levich equation (assuming a diffusion coefficient of O 2 in water of D = 1.93 × 10 −5 cm 2 /s, C 0 = 1.26 × 10 −3 M O 2 at saturation, and kinematic viscosity ν = 1.07 × 10 −2 cm 2 /s, all based on values reported in the lterature 37 ). Though the mass-transport limited region of Figure  7a is not strictly flat, it shows negligible to no difference on the Levich plot (Figure 7b) . General current and voltammetric profiles are in line with reported values as well. [38] [39] [40] [41] [42] [43] This is further confirmation that the dimensions and configurations of the holder/electrode are sufficiently optimized for testing thin-film electrodes in electrochemical cells for reactions such as the ORR.
ORR and OER on MBE samples.-To demonstrate the use of this apparatus on samples of interest for research science, we investigated a series of samples deposited by MBE. Figure 8 shows the Nyquist plots of oxide thin film electrodes (Pb 2 Ir 2 O 7 and IrO 2 )(MBE) in 0.1 M NaOH. It is clear that the oxide thin films are more resistive than a conventional electrode, with the series resistance (approximated from the first X-intercept) being about twice that of the GC (glassy carbon) electrode in the case of IrO 2 , and two orders of magnitude higher in the case of Pb 2 Ir 2 O 7 . is a significant iR drop in these samples; therefore, the most useful parameter to compare is the onset potential.
We tested a series of A 2 B 2 O 7 pyrochlore samples. The following discussion centers on Bi 2 Ru 2 O 7 (111) as the standard and will serve as the basis to discuss the effects of substitution and other changes. Among the Bi 2 Ru 2 O 7 samples (Figure 9a the onset potential considerably, to −0.14 V vs. Ag/AgCl ( Figure  9b ). Finally, substitution of both the A site and B site from Bi 2 Ru 2 O 7 to Pb 2 Ir 2 O 7 significantly decreased the electrocatalytic activity (and, likely, conductivity), with the onset potential decreasing to −0.30 V vs. Ag/AgCl (green). Perhaps these results are not surprising, as IrO 2 (mustard) is a very poor ORR catalyst (pink line). In short, Pb appears to be a more favorable candidate than Bi for the A site cation, and Ru is a far superior B site cation when compared to Ir. 
Conclusions
A facile method to perform rotating disk electrode voltammetry on thin film electrodes has been developed. Using sputter-deposited Au and Pt, it was demonstrated to be a robust method that can be used and configured for thin films. This method allows for a more detailed characterization of reactions such as the oxygen reduction reaction and oxygen evolution reaction than simple cyclic voltammetry, using deposited thin film electrodes.
We also studied a series of pyrochlore-structure samples grown by MBE as examples. While many pyrochlores, made via MBE, showed promising electrocatalytic activities in terms of onset potentials, they exhibited significant iR drops. Perhaps as a result, the effects of strain caused by epitaxial growth, or different crystallographic orientation, seem to exhibit negligible differences in the electrocatalytic activity toward the ORR and OER. Pb 2 Ru 2 O 7 is the most promising candidate for further study.
